was continuously monitored by implanted body temperature transmitters. Increased T3 concentrations in the hypothalamus reduced expression of torpor as well as torpor bout duration and depth. Subsequent analysis of gene expression in the ependymal layer of the third ventricle showed clear up-regulation of T3 inactivating deiodinase 3 but no changes in several other genes related to photoperiodic adaptations in hamsters. Finally, serum analysis revealed that increased total T3 serum concentrations were not necessary to inhibit torpor expression. Taken together, our results are consistent with the hypothesis that T3 availability within the hypothalamus significantly contributes to the regulation of daily torpor via a central pathway. Abstract Thyroid hormones play an important role in regulating seasonal adaptations of mammals. Several studies suggested that reduced availability of 3,3′,5-triiodothyronine (T3) in the hypothalamus is required for the physiological adaptation to winter in Djungarian hamsters. We have previously shown that T3 is involved in the regulation of daily torpor, but it remains unclear, whether T3 affects torpor by central or peripheral mechanisms. To determine the effect of T3 concentrations within the hypothalamus in regulating daily torpor, we tested the hypothesis that low hypothalamic T3 metabolism would favour torpor and high T3 concentrations would not. In experiment 1 gene expression in torpid hamsters was assessed for transporters carrying thyroid hormones between cerebrospinal fluid and hypothalamic cells and for deiodinases enzymes, activating or inactivating T3 within hypothalamic cells. Gene expression analysis suggests reduced T3 in hypothalamic cells during torpor. In experiment 2, hypothalamic T3 concentrations were altered via microdialysis and torpor behaviour
Introduction
The hypothalamus is an important brain region regulating energy balance by controlling food intake, energy expenditure and body temperature (T b ). Seasonal mammals have distinct abilities to adapt their energy balance to extreme environmental changes, which make them good animal models to investigate hypothalamic mechanisms of these physiological processes. As day length shortens in the progress from summer to winter, our animal model, the Djungarian hamster (also known as Siberian hamster, Phodopus sungorus), ceases reproduction (gonadal regression), reduces food intake and body weight to minimize energy demands well in advance of winter (Heldmaier and Steinlechner 1981a; Knopper and Boily 2000) . Once gonads and body weight are adapted, hamsters start to spontaneously express daily torpor. Torpor in Djungarian hamsters is a state of reduced metabolism combined with a reduction of T b below 32 °C, that is spontaneously expressed after 10-12 weeks in artificial short photoperiod (SP) (Ruf et al. 1989 (Ruf et al. , 1991 Heldmaier and Ruf 1992; Heldmaier et al. 1999) . Torpor is timed by the circadian clock and limited to the daily resting phase, which allows normal food foraging behaviour during the night (Heldmaier and Steinlechner 1981b; Diedrich et al. 2015) . Overall up to 65% of daily energy demands can be saved when torpor is used regularly as compared to normothermia Heldmaier et al. 2004 ). The hypothalamus is involved in energy sensing as well as regulation of non-shivering thermogenesis, a mechanism to produce heat during the arousal from torpor in brown adipose tissue (BAT) (Himms-Hagen 1984) . A sympathetic pathway between the hypothalamus and BAT is involved in thermogenesis and the expression of torpor (Braulke and Heldmaier 2010; Contreras et al. 2015) .
Several studies have indicated that availability of 3,3′,5-triiodothyronine (T3) to the hypothalamus plays a central role in seasonal adaptation of body weight and reproduction as well as expression of torpor (Watanabe et al. 2004; Barrett et al. 2007; Hanon et al. 2008; Herwig et al. 2009 Herwig et al. , 2013 Murphy et al. 2012) . Small amounts of thyroid hormone T3 are produced in the thyroid gland from the prohormone thyroxine (T4), but most T4 is converted within target cells. T4 and T3 are transported via the blood while mostly bound to binding proteins. Both, T4 and T3 can be taken up into cells of target tissues by transporters such as monocarboxylate transporters (MCT8), organic anion-transporting polypeptide (OATP1c1) and others (Wirth et al. 2014) . Intracellular deiodinase enzymes can locally convert T4 to the active form T3 by phenolic ring deiodination (DIO1 and DIO2) and deactivate T3 by tyrosyl ring deiodination into 3,3′-diiodothyronine (DIO3) (Köhrle 1999; Bianco et al. 2002) . So far only DIO2 and DIO3 have been detected in the brain (Schroeder and Privalsky 2014) . Experiments in Djungarian hamsters have already revealed that gene expression of Dio2 and Dio3 in the ependymal layer of the third ventricle in the hypothalamus is regulated by photoperiod (Watanabe et al. 2004; Barrett et al. 2007; Herwig et al. 2013; Petri et al. 2016) . The ratio of low Dio2 and high Dio3 expression in this key structure of photoperiodic signalling appears to reduce T3 availability to the hypothalamus, which in turn is required for winter adaptation of body weight and reproduction. Moreover, chronic T3 treatment delivered by silastic implants into the hypothalamus starting at the beginning of torpor season is able to prevent torpor in castrated hamsters (Murphy et al. 2012) . This study by Murphy et al., however, was largely focused on the long-term body weight effects of T3 and could not distinguish whether the inhibitory effect on torpor expression was an acute response to hypothalamic T3 release or driven by the induced changes in body weight. Our own experiments have shown that systemic T3 administration acutely inhibits torpor expression, whereas hypothyroidism promotes torpor . Based on these previous studies we hypothesized that torpor is directly mediated by hypothalamic T3-related mechanisms.
The mechanisms by which T3 acts in the hypothalamus are largely unknown. T3 can act as transcription factor and will likely regulate the expression of genes that operate co-ordinately to effect physiological change. Vgf in the dorsomedial posterior arcuate nucleus (dmpARC) has been shown to be regulated by T3, but also other hypothalamic genes including the structural marker Vimentin and the melatonin-related receptor Gpr50 in the ependymal layer, the histamine receptor 3 (H3r) in the dmpARC and the growth axis inhibitor somatostatin (Srif) in the arcuate nucleus (ARC) have been identified to be regulated by photoperiod. These genes are involved in the physiological adaptations of body weight and reproduction and potential candidates for direct regulation by T3 (Kameda et al. 2003; Ross et al. 2004; Barrett et al. 2006; Bolborea et al. 2011; Herwig et al. 2012 Herwig et al. , 2013 Bechtold et al. 2012; Lewis et al. 2016 ).
The overarching hypothesis tested in this study is that T3 levels in hypothalamic cells regulate daily torpor in the Djungarian hamster. Testing this hypothesis included determining if: (a) hypothalamic gene expression of thyroid hormone transporters, deiodinases or thyrotropin-releasing hormone (Trh) expression was altered during entrance into, maintenance of or arousal from a natural torpor event; (b) increased T3 concentration in the hypothalamus via microdialysis attenuated daily torpor and altered hypothalamic expression of transporters, deiodinases and other photoperiodic and potential T3 target genes (Vimentin, Gpr50, Crbp1, H3r and Srif) ; (c) any effect of increasing hypothalamic T3 concentration via microdialysis was not due to altered serum T3 levels in the periphery.
Materials and methods

Animal housing
All experiments and procedures were performed in accordance with the German animal ethics legislation and were approved by the local animal welfare authorities (No. 83_13, Hamburg, Germany). Djungarian hamsters (Phodopus sungorus) were bred at the Institute of Zoology at the University of Hamburg and raised under artificial long photoperiod (LP, 16 h light:8 h dark) at 20 ± 2 °C. Hamsters were weaned at an age of 3 weeks and housed individually with ad libitum access to hamster breeding diet (Altromin) and water. At an age of 3-4 month, 35 hamsters for experiment 1 and 20 hamsters for experiment 2 were transferred to an artificial short photoperiod (SP, 8 h light:16 h dark) with an ambient temperature of 18 ± 2 °C. Animals were weighed every other week to assess photoperiodically induced body weight loss.
Surgical procedure, treatment and tissue sampling
Experiment 1: expression analysis of thyroid hormone metabolism-related genes in different natural torpor stages After 12 weeks in SP, 30 short-day adapted hamsters were implanted i.p. with DSI-transmitters as previously described . Anaesthesia was induced and maintained by inhalation of isoflurane (1.5-2.5%, Forene, Abott, Wiesbaden, Germany). Analgesia was provided by s.c. injection of carprofen (5 µg/g, Paracarp, IDT Biologika, Germany) prior to surgery. T b was immediately measured and continuously recorded every 3 minutes for precise surveillance of torpor.
Hamsters were divided into three torpor and three normothermic groups (n = 5 each). Groups 1-3 were sampled over a torpor bout according to Fig. 1 at zeitgeber time ZT1 (torpor entrance; T b 29-31 °C), ZT4 (mid torpor; T b ≤ 25 °C) or ZT7 (arousal; T b ≥ 30 °C with T b < 22 °C before). For each torpor group a normothermic circadian matched control group of hamsters was sampled (Fig. 1 , groups 4-6) that did not enter torpor on that particular day (T b 35-38 °C). All hamsters were culled by CO 2 and decapitation. Brains were dissected, directly frozen on dry ice and stored at −80 °C until RNA extraction.
Experiment 2: hypothalamic T3 microdialysis
Six hamsters were used as untreated control group and did not undergo surgery to receive a cannula or dialysis probe. Twelve male hamsters with approximately 20% reduced body weight and changed fur colour after 10 weeks in SP were used for the microdialysis experiment (long-day body weight 41.1 ± 1.0 g reduced to short-day body weight 33.5 ± 1.0 g). These were anaesthetized by inhalation of isoflurane (1.5-2.5%, Forene, Abott, Wiesbaden, Germany) and analgesia was provided by s.c. injection of carprofen (5 µg/g, Paracarp, IDT Biologika, Germany) prior to surgery. First, hamsters were implanted with a DSI transmitter in the abdominal cavity for T b measurements as previously described . This was followed by fixation to a stereotactic apparatus for implantation of a guide cannula. Briefly, the scalp was removed and the scull was locally anaesthetized with Lidocain (Xylocain, Astra Zeneca GmbH). Two holes for fitting anchor screws were drilled in the anterior part of the scull. A 2-mm hole was unilaterally drilled at the stereotactic coordinates Bregma −1.6 mm (anterior-posterior) and −0.5 mm (medio-lateral). A guide cannula (CMA/7 Microdialysis AB, Solma, Sweden) was vertically attached to the stereotactic apparatus and slowly inserted into the brain with a depth of 5 mm. The guide cannula and a magnetic head block (CMA) were attached to the anchor screws with dental cement. After surgery hamsters received a s.c. buprenorphine injection (1), mid torpor at ZT4 (2), during arousal at ZT7 (3). At every time point a corresponding normothermic group of hamsters that did not enter torpor on that particular day was sampled (4-6). The grey line shows a 24-h T b profile of a hamster entering torpor. The black line represents a 24-h T b profile of a hamster not entering torpor. T b was measured in short-photoperiod-adapted hamsters (light phase: ZT0-ZT8) at an ambient temperature of 18 ± 2 °C (0.03 µg/g) for analgesia and were closely monitored for 3-5 h. Hamsters were placed in microdialysis cages (CMA 120 plastic bowl). Health status was monitored daily and hamsters were allowed to recover from surgery for at least 1 week. Recording of T b in 1-min intervals started after 12 weeks in SP. T b was recorded for the first 10 days of the experiment (days 1-10), with only the guide cannula in place. On day 11, a cuprophane microdialysis probe (CMA/7) was inserted into the guide cannula under short isoflurane anaesthesia. The microdialysis probe was 7 mm long, with a membrane diameter of 0.26 mm and an active dialysis area of 2 mm with a 6000 kDa molecular weight cut-off. The probe was connected by FEP Teflon tubing (Agn Tho's AB, Lidingö, Sweden) to a dual channel swivel (CMA 120) attached to a counterbalance lever. The swivel inlet was connected by Tygon tubing (VWR international GmbH, Randor, PA, USA) to a 2-ml plastic syringe in a microinjection pump (PHD 2000, Harvard Apparatus GmbH, Germany) . This setup allowed the hamster to move freely, while being permanently connected to the dialysis system. One hamster had to be killed after insertion of the microdialysis probe according to our termination criteria.
The microdialysis system was perfused with Ringer's solution (Na + : 131 mM, K + : 5.36 mM, Ca 2+ : 1.84mM, Cl − : 112 mM, lactate: 28.3 mM) at a flow rate of 1 µl/min for 3 consecutive days in all animals (days 11-13). While three control hamsters were maintained on Ringer's perfusion for another 12 days (days 11-22), eight hamsters continuously received 10 µg/ml T3 dissolved in Ringer's solution from day 14 to day 22. All solutions were exchanged daily to maintain concentrations. At the end of the experiment all hamsters were killed by CO 2 and decapitation at ZT 4-6 in a normothermic state. Six untreated normothermic control hamsters were killed after 14 weeks in SP (SP 14 ). Hamsters were weighed after the experiment and compared to the weight before insertion of the microdialysis probe.
Brains were removed and directly frozen on dry ice for in situ hybridization. Blood was collected for serum preparation and analysis of total T4 and total T3, with serum concentrations determined by radioimmunoassay as previously described . Skeletal muscle and BAT were collected and snap frozen in liquid nitrogen for qPCR analysis. Brain, BAT and muscle were stored at −80 °C until needed. Position of the microdialysis probe (Bregma −2.30 to −2.70) was determined after the brains were cut for in situ hybridization. Two hamsters had to be excluded from further analysis, because the probe was not placed in the posterior hypothalamic area.
Quantitative real-time PCR (qPCR)
Frozen hypothalamic blocks were cut from the optic chiasm (Bregma −0.20 mm) as anterior border to the mammillary bodies (Bregma −2.70 mm) as posterior border. Laterally the block was cut at the hypothalamic sulci and dorsally 3-4 mm from the ventral surface. Gene expression of Dio2, Dio3, Mct8 and Trh in hypothalamus (experiment 1) and Dio2 and Dio3 in BAT and skeletal muscle (experiment 2) were analysed by qPCR as described before . Briefly, total RNA from BAT, muscle and hypothalamus was extracted using peqGOLD TriFast (PEQLAB Biotechnologie GmbH, Erlangen, Germany) and chloroform according to the manufacturer`s instructions. RNA integrity was assessed by formamide gel electrophoresis, total RNA was quantified and RNA quality assessed by the 260/280 nm ratio on a NanoDrop 1000 spectrophotometer. Total RNA (1 μg) was used to synthesize cDNA using Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) with oligo-(dT)-primer (0.5 μg/μl). The synthesized cDNA was used to estimate gene expression by qPCR using the ABI Power SYBR Green master mix (Applied Biosystems, Darmstadt, Germany) and suitable primers for Dio2 and Dio3 in an ABI 7300 real-time PCR system. Primers for Mct8 and Trh were designed based on Illumina sequencing data (unpublished) for P. sungorus (Mct8: forward primer 5′ GTC CTC TCA TTC CTG CTC CTGG and reverse primer 5′ GTC CCA CCA GCT CAA ATG CAATG; Trh: forward primer 5′ CTC ACA GAC GCC ACG ATG CTG and reverse primer 5′ GAG TCA CTG CAT CCT CCT CCTG). A series of six tenfold dilutions of specific plasmid standards were used for standard curve to calculate qPCR efficiencies. Due to the large number of samples in experiment 1, the qPCR was run on two separate 96-well plates for each target gene. Therefore, a normothermic control group was applied to each plate as inter-plate calibrator. Differences in gene expression were calculated with the ΔΔCT-method relative to normothermic ZT1 control group with Hprt used as reference gene. For experiment 2, gene expression in BAT and muscle was calculated with the ΔΔCT-method relative to tissues of untreated SP adapted control hamsters with 18s mRNA as reference gene.
In situ hybridization
Frozen brains from experiment 2 were cut into 16-µm coronal sections on a cryostat from Bregma −1.70 to −2.54 mm (Franklin and Paxinos 2008) covering the posterior hypothalamus, and directly mounted onto poly-lysine-coated slides. Riboprobes were synthesized, using 35 S-UTP with SP6, T3 or T7 polymerases as appropriate, from cloned DNA fragments for Dio2, Dio3, Mct8, Oatp1c1, H3r, Tsh-r, Crbp1, Gpr50, Vimentin, and Srif (Barrett et al. 2007 , 2006 Herwig et al. 2013 Herwig et al. , 2009 Ross et al. 2011 Ross et al. , 2009 Ross et al. , 2004 . In situ hybridization was carried out as previously described; briefly, brain sections were fixed in 4% PFA, afterwards washed in 0.1 M PBS, incubated with 0.25% acetic anhydrate, dissolved in 0.1 M triethanolamine, washed again in PBS and dehydrated with an ascending ethanol series followed by vacuum drying. Appropriate radioactive probes were applied to slides in 70-µl hybridization mixture (formamide, 0.3 M NaCl, 10 mM Tris-HCL (pH 8), 1 mM EDTA, 0.05% transfer RNA, 10 mM dithiothreitol, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% BSA, and 10% dextran sulphate). Hybridization was carried out at 58 °C overnight. Finally slides were washed in 4× saline-sodium citrate (SSC) and incubated with ribonuclease A at 37 °C before being washed in SSC solutions with decreasing concentrations and dehydrated using graded ethanol. Dried slides were exposed to Kodak BioMax MR Films (Sigma-Aldrich Company Ltd., Poole, Dorset, UK). Autoradiographic films were developed after 18-20 h (Srif, Vimentin), 5 days (Mct8), 6 days (Gpr50), 7 days (Oatp1c1, H3r, Crbp1, Tsh-r) or 14 days (Dio2, Dio3). Autoradiographic films were scanned at 300 dpi and analysed with ImageJ 1.47v software. Integrated optical density, obtained by reference to a standard curve [y = a + b × ln(x − c)] generated from the 14 C microscale, was measured in two to three consecutive sections per animal. Values were averaged for each animal. Gene expression of hamsters with a microdialysis probe was compared relative to untreated SP 14 hamsters.
Statistical analysis
Data are expressed as arithmetic mean ± standard error of the mean (SEM). Gene expression of experiment 1 was analysed by two-way Anova with zeitgeber time and metabolic state (normothermic, torpor) as factors followed by Tukey post hoc test. For experiment 2, differences between groups in torpor expression, gene expression and serum T4 and T3 concentrations were analysed 
Results
Experiment 1: expression analysis of genes related to thyroid hormone metabolism in different natural torpor stages
Hypothalamic gene expression of thyroid hormone relevant genes was assessed by qPCR over the course of spontaneous torpor bouts in untreated animals. Dio2 gene expression (Fig. 2a) did not vary in normothermic hamsters over the course of a day. During torpor Dio2 expression was reduced by 26% at mid torpor (ZT4, Tukey, p < 0.001) and returned to levels of a normothermic hamster during arousal form torpor. Dio3 expression was close to, or below the detection limit for all investigated time points, so that a reliable quantification and expression analysis could not be accomplished. In normothermic hamsters Mct8 expression (Fig. 2b) was lower at the beginning of the photoperiod (ZT1) compared to the following time points ZT4 (Tukey, p = 0.012) and ZT7 (Tukey, p = 0.006). During torpor entrance Mct8 expression was elevated relative to the normothermic control group (Tukey, p = 0.046), but decreased at mid torpor (Tukey, p < 0.001). During arousal, Mct8 expression returned to normal concentrations (Tukey, arousal vs. mid torpor, p < 0.001). Trh gene expression (Fig. 2c) showed no circadian regulation and was not influenced by torpor expression. as shown in Fig. 1 and numbers in bars correspond to the respective sampling points. All fold changes (n-fold) are calculated relative to normothermic control group at ZT1 (onefold). Significant differences are marked with *p < 0.05, **p < 0.01 and ***p < 0.001
Experiment 2: effects of hypothalamic T3-microdialysis on torpor behaviour and gene expression
Body weight
Hamsters treated with Ringer's solution (start: 34.6 ± 2.0 g vs. end: 33.6 ± 2.3 g) or T3 (start: 33.0 ± 1.2 g vs. end: 32.7 ± 1.5) showed no significant changes in body weight over the course of treatment.
Torpor expression
Torpor was defined as T b < 32 °C for more than 30 min. T b rhythm and torpor expression were reinstated few days after surgery. Two hamsters treated with T3 showed no torpor at all. Insertion of the microdialysis probe at day 11 and rinsing with Ringer's solution the following 3 days did not influence torpor expression (Figs. 3, 4) . Treatment with only Ringer's solution had no effect on torpor frequency, torpor duration or minimal T b during torpor. Addition of T3 into the Ringer's solution reduced torpor frequency from 25 ± 12% to 11 ± 4% (Fig. 3a) , but did not reach significance (t test, p = 0.254). However, half of the hamsters stopped showing torpor immediately after T3 dialysis started, whereas the other half still showed shallow torpor bouts during the first 6 days of treatment. Overall, in T3 treated hamsters only six torpor bouts were recorded during the 9 days of T3 treatment, while a total of 15 torpor bouts were recorded in the same animals in 10 days prior to any dialysis treatment. All six torpor bouts during T3 treatment occurred during the first 6 days of treatment and were characterised by shorter torpor duration and higher minimal T b . Torpor duration of all animals ( Fig. 3b ) was significantly reduced from 275 ± 29 to 138 ± 30 min (t test, p = 0.01) and minimal T b during torpor (Fig. 3c) increased from 25.3 ± 0.5 to 28.8 ± 0.5 °C (t test, p < 0.001) due to T3 treatment. The shortening of torpor bouts and increase of minimal T b can be observed in Fig. 4c .
Hypothalamic gene expression after 9 days of T3 administration
Gene expression was analysed by in situ hybridization relative to untreated control hamsters (Fig. 5) . Dio2, Dio3, Mct8, Tsh-r, Gpr50 and Vimentin are expressed in the ependymal layer of the third ventricle, a key structure in transmitting photoperiodic information to the hypothalamus (Kameda et al. 2003; Barrett et al. 2006 Barrett et al. , 2007 Bolborea et al. 2011; Bechtold et al. 2012; Herwig et al. 2013) . H3r is located in the dmpARC that has been specifically linked to seasonal adaptations in body weight and fat depots Jethwa et al. 2009 ). Srif is expressed in the ARC and paraventricular nucleus (PVN) of the hypothalamus where it may be involved indirectly (ARC) or directly (PVN) in regulating growth hormone secretion (Brazeau et al. 1973; Dumbell et al. 2015; Scherbarth et al. 2015) . Dio2, Mct8, Tsh-r, Vimentin, and Gpr50 showed no significant changes after hypothalamic T3 treatment (Fig. 5) . Srif was only assessed in the ARC where it has previously been shown significantly up-regulated in SP; however, this gene was unaffected by T3 treatment (Fig. 5 ). Dio3 showed a 13.4-fold increase after T3 treatment (U test, p = 0.02). H3r in the dmpARC region showed an increase of 77.7 ± 32% (U test, p = 0.017) after T3 release (Fig. 5 ). Crbp1 and Oatp1c1 mRNA were not detectable in the ependymal layer, but interestingly there was an expression around the microdialysis probe in Fig. 3 Mean + SEM torpor frequency (a), duration (b) and minimal body temperature during torpor (c). Grey bars represent three hamsters from the Ringer's group and black bars six hamsters from the T3-treated group. Both groups had no probe for 10 days before implantation of dialysis probes (no probe). The Ringer's group was dialyzed with Ringer's solution for 12 days (middle grey bar), while the T3 group received Ringer's solution for 3 days (middle black bar) and were subsequently dialyzed with T3 for further 9 days (right black bar). Significant differences are marked with *p < 0.05, **p < 0.01 and ***p < 0.001 T3-treated animals (Fig. 6i, k) . Also in this area around the probe mRNA of Vimentin, Tsh-r and H3r was detectable. Only Vimentin was expressed in hamsters treated with Ringer's solution (Fig. 6b) , while all other genes were only visible in T3-treated animals ( Fig. 6 i-l) . Gene expression in BAT and skeletal muscle of deiodinases was analysed by qPCR. Hamsters treated with Ringer's solution only showed no significant changes in Dio2 gene expression compared to untreated SP 14 control hamsters. In BAT and muscle Dio2 expression was not affected by hypothalamic T3 administration.
Dio3 gene expression in untreated and Ringer's dialysed hamsters was close to detection limit, thus the amount of mRNA copies in untreated hamsters was close to zero and it was not possible to calculate an exact fold change for T3-treated hamsters. However, Dio3 mRNA in BAT was clearly increased after central T3 administration (U test, p = 0.004). Expression of Dio3 in muscle was close to detection limit in all groups and T3 treatment had no effect.
Serum analysis
Thyroid hormone serum concentration in hamsters with a microdialysis probe was compared to untreated control hamsters (Fig. 7) . Hypothalamic T3 release caused a 72 ± 10% reduction of total T4 serum concentration compared to hamsters with hypothalamic Ringer treatment (Fig. 7, t test, p > 0.001) . The increase of total T3 serum concentration from 1.5 ± 0.1 to 4.1 ± 1.3 nM was not significant (t test, p = 0.2). Dialysis with Ringer's solution had no effect on total T4 or T3 concentrations in serum.
Discussion
In our present study we provide new data, which strengthen the evidence that T3 availability in the hypothalamus plays a key role in the regulation of spontaneous daily torpor. The availability of T3 in mammalian hypothalamic cells depends on DIO2 that converts T4 to T3 (b, c) . Dark phases are highlighted in grey the active form T3 and DIO3 that converts T3 to T2 and T4 to rT3. The balance of activities of these two deiodinases determines the availability of active T3 within the hypothalamus (Barrett et al. 2007; Petri et al. 2016 ). In our experiments, Dio2 expression was significantly decreased by mid torpor and Dio3 mRNA was below detection limit throughout the torpor bout. This supports the hypothesis from a recent study that during torpor the conversion of T4 into T3 is further reduced. This would lead to lower intracellular T3 concentrations which, in turn, appear necessary for torpor expression. Dio2 was only quantitatively reduced around mid torpor and not during entrance to torpor. This might suggest a reduction in T3 is not prerequisite for torpor, but that depth and duration of torpor follows reduced T3 concentrations. The reduction of Dio2 expression was reversed during arousal from torpor suggesting that arousal involves normal T3 concentrations to drive the return to normal metabolism. Interestingly, Mct8 expression was slightly increased during torpor entrance, but reduced at mid torpor. This suggests TH transport at the beginning of torpor, which is subsequently reduced during advanced torpor. However, MCT8 is a bidirectional transporter and it is not clear, whether an increased expression leads to an increased influx of T4 or an increased efflux of T3. It is more likely that T3 is removed from hypothalamic cells during torpor entrance which, together with reduced Dio2 expression, could contribute to providing an environment of reduced hypothalamic T3. Unchanged Trh expression suggests that an overall regulation of the hypothalamic-pituitary-thyroid axis is not involved in the expression of daily torpor. Taken together, hypothalamic data on the Mct8 transporter and deiodinase gene expression show a pattern of changes specific to each phase of a spontaneous daily bout (entrance, mid torpor, and arousal) consistent with our hypothesis that intracellular T3 availability is reduced during torpor. So far, there is no information about post-transcriptional deiodinase enzyme modification in seasonal contexts or torpor, which might be an additional component of controlling T3 availability in the hypothalamus.
The temporal responsiveness of transcription is consistent with data on core T b showing that following a series of daily torpor bouts, a step change in T3 levels (achieved by switching the dialysis solution from Ringer's to a solution containing T3) resulted in torpor blockade or marked attenuation within 24 h. Unilateral release of T3 was sufficient to reduce torpor expression. The heterogeneous response of hamsters to T3 dialysis suggests that complete absence of torpor only occurs above a critical threshold for T3 concentration in one or more regions of the hypothalamus. Thus, heterogeneity may be the result of insufficient T3 availability during the early stages of microdialysis in some hamsters. However, temporal data on T b and gene expression data taken together indicate that T3 can act rapidly as a regulatory signal at any time in winter-like conditions. These results are consistent with previous experiments on long-term hypothalamic T3 administration beginning just prior to torpor season that prevented hamsters from exhibiting daily torpor bouts (Murphy et al. 2012) . However, the rapidity with which T3 can act indicates that the effect of T3 may be mediated via non-genomic actions (Davis et al. 2016 ). An explanation for variable hypothalamic concentrations in this experiment might be the position of the microdialysis probe. A difference of few micrometres could delay or reduce the diffusion or transport of the hypothalamus. Our aim was to place probe adjacent to the posterior part of the hypothalamus rather than directly into the hypothalamus to maintain hypothalamic integrity. Inhibition of torpor, reduced serum T4 and increased gene expression of Dio3 (Zhang et al. 2016) , however, provide good evidence for increased concentrations in the hypothalamus.
In a previous study a reduction of torpor expression after systemic T3 treatment has been observed . In the present study only two hamsters had increased T3 serum concentrations after hypothalamic T3 administration. This indicates that increased systemic T3 was not a prerequisite for torpor inhibition and supports a central effect of T3 in torpor regulation.
A central T3 effect on peripheral thyroid hormone homeostasis was reflected in reduced total T4 serum concentrations. The strong reduction of T4 was comparable to T4 reduction after systemic T3 administration . This suggests T3 is present in sufficient concentration in the region of the paraventricular nucleus to invoke the inhibitory action of T3 on peripheral T4 levels. A hypothalamic hyperthyroid state is expected to reduce systemic thyroid hormone production and metabolism as a result of negative feedback mechanism regulating the hypothalamic-pituitary-thyroid axis (Sánchez et al. 2009 ). The cause for increased T3 serum concentration in two hamsters is unclear, but one explanation could be higher T4 conversion to T3 by DIO1 or DIO2 in the periphery.
Analysis of deiodinases in BAT and muscle only revealed an increase of Dio3 in BAT. This change was unlikely to be caused by circulating thyroid hormone in the blood, since previously we have shown systemic in vivo treatment with T3 produced no clear upregulation of Dio3 . This may indicate signalling of the hypothalamic hyperthyroid state via a hypothalamic-BAT pathway regulating thyroid hormone metabolism in BAT, which has been proposed before in the context of sleep and thermoregulation (Rodrigues et al. 2015; Contreras et al. 2015) .
Increased transcription of Dio3 in the ependymal layer along the third ventricle following microdialysis provides clear evidence of increased T3 concentrations in the hypothalamus. Transcription of Dio3 in the ependymal layer is sensitive to locally increased T3 concentrations, which has been recently shown in rats (Zhang et al. 2016) . Dio2 expression was not affected by T3 microdialysis, which is consistent with previous studies (Werneck de Castro et al. 2015) . However, this result does exclude post-translational inactivation of DIO2, which might be an adequate mechanism during hyperthyroidism (Martinez de Mena et al. 2010) .
Mct8 expression was not affected by T3 administration. Previous studies had shown that Mct8 is regulated by photoperiod in seasonal animals and it was suggested that this is dependent on decreased T3 availability (Ross et al. 2011; Herwig et al. 2013) . However, the current data indicate that Mct8 may not be directly regulated by T3. Besides MCT8, other thyroid hormone transporters such as OATP1c1 might be activated during hypothalamic hyperthyroidism (Wirth et al. 2014) . The expression of the thyroid hormone transporter Oatp1c1, which is especially competent to transport T4 into the brain, has been detected in different rodents (Ross et al. 2011; Wirth et al. 2014; Werneck de Castro et al. 2015) , but there have been no previous reports in Djungarian hamsters. Here Oatp1c1 was not found to be expressed in the ependymal layer but after T3 release expression was observed adjacent to the probe.
Previous studies suggested that several genes involved in seasonal adaptation might be directly regulated by T3 concentrations in ependymal and hypothalamic cells. Gpr50, an orphan G protein-coupled receptor, expressed in the ependymal wall of the third ventricle, is regulated by photoperiod and may be involved in the expression of torpor (Barrett et al. 2006; Bechtold et al. 2012; Petri et al. 2016) . However, in our study Gpr50 transcription was not altered by hypothalamic T3 microdialysis.
Srif expression in the ARC is up-regulated in SP and contributes to the SP induced reduction in body mass by inhibiting the growth axis (Herwig et al. 2012; Petri et al. 2016) . Moreover, somatostatin receptor activation, most likely at the level of the pituitary, has been shown to be involved in torpor regulation . In our study, Srif in the ARC was not decreased by T3 microdialysis, suggesting that somatostatin of ARC origin plays no primary role in the control of torpor. This supports the idea that torpor is directly inhibited by T3 and not blocked by activation of the growth hormone axis with increasing body weight. However, T3 may also be acting on other thermoregulatory areas in the hypothalamus and may override a neuroendocrine control.
The inhibitory H3r has previously been shown to be downregulated in the dmpARC in SP, facilitating activity of this particular area only during winter ). H3r expression was increased in the dmpARC of the hypothalamus after T3 treatment (Barrett et al. 2005; Ross et al. 2005) supporting the idea of a direct regulation by T3 that has previously been discussed Herwig et al. 2013) . Hence, our data suggest that T3 induces H3r expression which blocks output from the dmpARC and in turn might contribute to torpor inhibition.
Interestingly, H3r as well as Vimentin, Oatp1c1, Tsh-r, and Crbp1 mRNA were detected around the microdialysis probe. Specific induction of gene transcription around the probe might be an evidence for neuroinflammatory processes initiating a cascade of progressive inflammatory tissue response (Kozai et al. 2015) including recruitment and activation of microglia and astrocytes. Tsh-r, Oatp1c1, Crbp1, and H3r have previously described to be involved in anti-inflammatory pathways (Crisanti et al. 2001; Choi et al. 2005; Pekny et al. 2007; Dong et al. 2014; Wittmann et al. 2015) . Increased gene expression appears T3 dependent, except for Vimentin, because they were not expressed in Ringer treated hamsters. Although the physical insertion of the microdialysis probe caused a local brain tissue injury, no obvious effects on behaviour or physiology of the hamsters could be observed. T b showed no fever reaction after surgery (data not shown) and the expression of torpor few days after surgery is a clear indicator for well-being of the animals.
Summary and outlook
Our study provides further evidence that a reduction of T3 concentrations specifically in the hypothalamus contributes to an environment permissive for torpor expression in Djungarian hamsters. We could show that administration of T3 to the hypothalamus by microdialysis rapidly acts to reduce torpor expression. This study suggests that T3 levels in the hypothalamus generate a gating signal over central pathways that, along with circadian signals, converge and act on downstream pathways and hypothalamic nuclei to regulate daily torpor.
